ABSTRACT OBJECTIVES This study sought to test specialized processing of laser Doppler signals for discriminating ventricular fibrillation (VF) from common causes of inappropriate therapies.
, that is, they are delivered in the absence of a ventricular arrhythmia episode.
These cause unpleasant symptoms, increase health care costs (2) (3) (4) , and are associated with increased mortality (4) (5) (6) . Despite increasingly sophisticated electrogram (EGM) analysis algorithms, it has not been possible to reduce the rate of inappropriate shocks below w3% per year, even in carefully recruited, attentively managed clinical trial patients (7, 8) . Rates appear to be even higher in clinical practice, affecting up to 41% of ICD recipients (9) .
Several situations can be misinterpreted as extreme high rates requiring a shock. Twave oversensing can cause a 2-fold increase in the apparent heart rate. Right ventricular lead fracture can produce electrical noise artifacts, detected as high rates. Electromagnetic interference can similarly be misdetected as a high heart rate. Occasionally, sinus tachycardia, occurring during exercise, can also lead to inappropriate therapies, particularly in patients with a subcutaneous ICD (10, 11) .
If more than a small fraction of shocks are inappropriate, there is room for improvement. The development of new EGM-based algorithms has allowed inappropriate therapy rates for subcutaneous
ICDs to be lowered to the same w40% at which transvenous ICDs have plateaued (1, 2) . Therefore, for all types of implantable defibrillators, there remains a major opportunity to reduce inappropriate therapies in order to make ICDs safer and more acceptable to people at risk of sudden cardiac death.
A potential method for improving on purely EGM-based detection is the addition of information for hemodynamic status. Ventricular fibrillation (VF) inevitably causes hemodynamic collapse; therefore, the presence of good cardiac output eliminates the possibility of VF, even if the EGM-based electrical measurements suggest this. However, if a hemodynamic measurement is to be incorporated into the ICD diagnostic algorithm, it is essential that it provide both a rapid and an extremely reliable assessment of hemodynamic status. This is of key importance to ensure therapies are, first, not inappropriately withheld and, second, to avoid delays in the delivery of lifesaving therapies for true VF.
NEITHER STEADY STATE (RUNNING MEAN) LEVEL NOR OSCILLATORY HEIGHT HAS PROVED RELIABLE.
Regardless of the hemodynamic marker chosen, reliability of decision making is limited by the common theme of how to process the numerical signal to arrive at a diagnostic classification. There have been 2 approaches investigated for processing hemodynamic markers for this purpose: the running mean approach and the oscillatory height method.
In the running mean approach, an average value for the marker over several seconds is compared to an average value taken from a recent reference time, commonly immediately previously (12) . This requires continuous monitoring, which impairs battery longevity. A subtler limitation is that changes in posture, spontaneous biological variations, and movement artifacts can lead to changes in the signal that have no clinical meaning but can be difficult to distinguish from changes caused by arrhythmia.
The second approach is the oscillatory height approach, which quantifies the amplitude of peak-totrough variation in the hemodynamic signal, as this reduces or eliminates the problem of gradual baseline drift that plagues the running mean approach (13) (14) (15) Keene et al.
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DATASETS FOR 4 CONDITIONS PER PATIENT.
Recordings were made for each patient during sinus rhythm and VF. The EGM recorded during sinus rhythm was also transformed to simulate lead fracture and double-counting.
To simulate lead fracture, the ventricular signal in each patient was replaced with an EGM from a clinical lead fracture. The algorithm was then supplied with the atrial lead's sensed electrical data or, if this was unavailable, the original ventricular lead data was used but shifted backward by an appropriate atrioventricular delay (120 ms).
To simulate double-counting, an extra sensed R-wave was synthesized between the truly detected R-waves at 33% of the R-R interval. During processing with the novel algorithm, the new approach formed multiple hypotheses about which R-waves
were true or false and tested them against the perfusion signal.
SINUS TACHYCARDIA DATA SET. To test misdetection of sinus tachycardia, heart rates were required in the range of 180 to 200 beats/min. This required a different group of subjects. We recruited 12
healthy volunteers, who exercised on a treadmill to a peak heart rate that averaged 184 beats/min. ECG, laser Doppler, and noninvasive beat-by-beat blood pressure values were recorded.
ANALYTICAL ALGORITHM. The novel electromechanical coupling algorithm has previously been described in detail (20) . Briefly, it begins with The perfusion data were also analyzed using 2 previously described algorithms. The first algorithm calculates the running mean of the perfusion data over the analytical window (12) . The second calculates the mean peak-to-trough height after passing a band-pass filter over the analytical window (the oscillatory height method) (13) (14) (15) . No absolute cutoff values have been described for these previously published methods.
Quantification of electromechanical coupling, the running mean algorithm, and the oscillatory height algorithm were tested for their ability to distinguish between VF and the situations that could mimic VF.
STATISTICAL ANALYSIS. Pilot testing had indicated the electromechanical coupling perfusion value, which runs on a scale from 0 to 100, always has values <2 during VF and always has values above 2 during sinus rhythm. Therefore, this study used a threshold of 2. Sensitivities and specificities were calculated using appropriate methods. The perfusion data were processed using Python software (Python Foundation, Wilmington, Delaware), and statistical analyses were performed using R version 3.0.2 (R Project, Vienna, Austria).
Keene et al.
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ARþ/LVC ¼ arrhythmogenic right / left ventricular cardiomyopathy; HCM ¼ hypertrophic cardiomyopathy; IHD ¼ ischemic heart disease; LVSD ¼ left ventricular systolic dysfunction. Keene et al. In this test, the EGM signal from a fractured lead was imposed in place of the true ventricular lead signal during sinus rhythm. Each of the 3 algorithms were triggered and tested whether they categorized the situation as VF or not. This was carried out with data from each of the 50 patients.
For each algorithm, it was planned to apply the threshold derived from the sinus rhythm and VF data in test 2 ( Figure 3A) . The threshold was chosen to maximize the sum of sensitivity and specificity. In practice, electromechanical coupling showed such a large separation between the VF and sinus rhythm data in test 2 that any threshold between 0.1 and 2 perfusion units provided optimal results (both sensitivity and specificity were 100%). Therefore the value of 2 perfusion units derived from previous pilot experiments was used as the electromechanical coupling threshold in test 3. 
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possibility, by quantifying the pulsatility not only with a full-set of the suspected R-waves but also with subsets that make allowances for EGM doublecounting. If it finds satisfactory pulsatility in association with 1 or more of these subsets, it can advise that this is not VF.
In test within individual patients (test 1) but also retains this
Keene et al. EGM and marker channel data were unable to be extracted from some patients, and for them surface ECG data were used instead. Reassuringly, despite this, the performance of the electromechanical coupling algorithm remained good.
This study addressed VF and its imitators because there is a binary gold standard: it is always appropriate to shock VF and inappropriate to shock its imitators. It is therefore possible to determine indisputably whether an algorithm is performing correctly in each case. The authors' laboratory has now embarked on a study of VT and SVT, which is different because it can be less obvious whether device intervention is necessary, even if the electrical rhythm is correctly diagnosed.
CONCLUSIONS
Strong electromechanical coupling is a reliable discriminator between VF and situations that mimic VF, achieving an AUC of ROC curve of 1.00 (100% sensitivity and 100% specificity).
Because there is such a large margin of safety be- 
